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ABSTRACT

Suitable melting, casting and fabrication techniques have-been 40 -
developed for the preparation of the intermetallic compounds VNig and
VCo 3 in a form suitable for the study of mechanical behavior. The an-
nealing behAyior of arc-melted, rolled and extruded materials he-bL- m .
examined/4"n metallographic and hardness techniques. The mechanical
behavior of ca.t and extruded material of various grain size and degrees
of ordert determined by indentation stress-strain, com ression
and tensile testing and fr4 ography. Arc-melted ingots of VNi2, V Ni,
V'Ni, VCo and VSCo,h=-I en prepared and the feasibility of their homog-
enization and fabrication examined. An extensive review of the relevant
literature 1l ten completed. Finally, the validity of a thod of com-
puting Young's modulus for intermetallic compoundsa m investigated.

This technical documentary report has been reviewed and is approved.

W.G. Ramke
Chief, Ceramics and Graphite
Metals and Ceramics Laboratory
Directorate of Materials and Processes

iii



TABLE OF CONTENTS

Part
and
Section Page

I. INTRODUCTION . .. .. .. .. .. .. .. .. .. .. .. . .. 1

II. REVIEW OF LITERATURE ................... 9

A. Considerations of Theoretical Strength . .. .. . . . . 9

B. Mechanical Properties of Intermetallic Compounds . o . . . 10

C. Synopsis ..... . .. .. .. . . . ... 14

III. EXPERIMENTAL PROCEDURE ............ ..... 16

A. Materials . . . . . . . . ............... . 16

B. Melting Techniques . . ................... 16

C. Fabrication Methods ............. . .. .. 18

D. Heat Treatment . ..................... . 18

E. Mechanical Testing ...................... 18

F. Metallography . .. .. . . . ........ . . . . . .. . 20

IV. EXPERIMENTAL RESULTS AND DISCUSSION ......... 22

A. Melting and Alloying of Compounds . .. ... . . 0 * 0 . 0 0 22

B. Primary Fabrication . . . . o . . . . . ... . . ... . .. 3Z

C. Secondary Fabrication of VNi 3 and VCo 3 . 0 0 . . . . . . . 37

D. Homogenization and Annealing Behaviour .......... 38

E. Mechanical Behaviour . .. . . . . . . .......... 48

V. SUMMARY AND CONCLUSIONS .......... ... .... 76

REFERENCES .... . . . . . . . . . e e e o e e o o . 79

V



LIST OF FIGURES

Figure Page

1 Binary phase diagram of Co-V . . . . .. . .......... 4

2 Binary phase diagram of Ni-V . ............ . ... 5

3 Block diagram illustrating work sequence in phase I . . . . . 8

4 Microstructure of as-cast VNi 3 . . . . . . * ................... 24

5 Microstructure of as-cast VNi2 . . . . * . * .................. * 25

6 Microstructure of as-cast V2 Ni ......... . ......... . 26

7 Microstructure of as-cast V 3Ni.... . . . . . . . . . . . . 27

8 Microstructure of as-cast VCo 3 . . . . . . . . . . . . . . . . Z8

9 Microstructure of as-cast V 3 Co . . . . .. . . . . . . . . . 29

10 Microstructure of zone-refined VNi 3 . .. . . . . . . . . . 33

11 Microstructure of as-extruded VNi 3  . . . . . . . . . 36

12 Microstructure of VNi2 annealed at 10000C for 5 days . . . . . . 41

13 Microstructure of VZNi annealed at (A) 10000C for 5 days (B)
treatment A followed by 1100 0C for 1 hr and 1050 0 C for 7 days . 42

14 Microstructure of VCo annealed at 1000 0C for 5 days followed by
1100 0C for 1 hr. and 1050 0 C for 7 days . . . . . . . . . . . . . 44

15 Microstructure of V3 Co annealed at (A) 1000 0 C for 5 days, (B)
treatment A followed by 11000C for 1 hr. and 1050 C for 7 days 45

16 VNi deformed approximately 75% by rolling at 950 0 C and an-
neaed for 30 minutes at the indicated temperatures . . . . . . . 46

17 Hardness of VNi 3 as a function of annealing temperature. The as-
cast compound was reduced in thickness approximately 75% by
rolling at 9500C, annealed for 30 minutes at the temperatures in-
dicated, and then vacuum-cooled to room temperature . . . . . . 47

18 VNi 3 deformed approximately 75%1 by rolling at 950 0 Cand an-
nealed for 30 minutes at lO000C ..... ... ..... 49

vi



LIST OF FIGURES
(continued)

Figure Page

19 VNi 3 deformed approximately 75% by rolling at 9500C and an-
nealed for 30 minutes at (A) 11000C and (B) 120000 ..... 50

20 Hardness of Vo as a function of annealing temperature. The
as-cast compoun was reduced in thickness approximately 75%
by rolling at 10000C, annealed in vacuum for 30 minutes at the
temperatures indicated, and then vacuum-cooled to room
temperature . ................... ....... . 51

21 The deviation of debye temperature L (0 LEXp . - 0 L calc./GLEXp.)
100 ] in intermetallic phases ...... .................. . 58

22 Microstructures of extruded VNi annealed at the indicated tem-
perature for 30 minutes and rapia cooled .. * . . . . . . 60

23 Microstructure of extruded VNi following (A) annealing at 1Z00 0C
for 30 min., furnace cooling to %000°C for 48 hours followed by
furnace cooling to room temperature (B) annealing at 10000C for
48 hours followed by furnace cooling to room temperature . . . 61

24 Microstructure of VNi 3 following annealing at iZ00°C for 30
min., furnace cooling to 10000C for 48 hours followed by furnace
cooling to room temperature for (A) rolled specimen (B) ex-
truded specimen . . . . . . . . . . . .............. 62

25 Electron micrographs of extruded VNi 3 following annealing at
10000C (A) for 30 min. followed by rapid cooling and (B) for
48 hours followed by furnace cooling . . ... . . . . . 63

26 Electron micrographs of extruded VNi 3 , following annealing at
12000C (A) for 30 min. followed by rapid cooling and (B) for 48
hours followed by furnace cooling . .. . . . 0 . .. . ... . 64

27 Electron micrographs of hot-rolled VNi" annealed at 12000C for
30 min., furnace cooled to 10000C for 11 hours and furnace
cooled to room temperature o o...... ...... ... . 65

28 Microstructures of extruded VC0 3 annealed at (A) 8000C for 30
min. rapid cooled, (B) 1000 C for 30 min. rapid cooled, (C)
12000C for 30 min., rapid cooled and (D) 12000C for 30 min.,
furnace cool to 10000C for 48 hours, furnace cool to room
temperature . es .. .. . .e... . . *. ... . s. 66

29 Effect of indicated annealing treatments on (a) grain size (b)
yield stress (c) hardness of an-extruded VNi 3 . . . . . . . . . 67

vii



LIST OF FIGURES
(continued)

Figure Page

30 Effect of indicated annealing treatments on (a) grain size (b)
yield stress (c) hardness of as-extruded VCo 3 . . . . . . .. . . . . 68

31 Compression stress-strain curves for VNi 3 subjected to in-
dicated annealing treatments . . . . . . . . . . . . . . . . . . 71

3Z Tensile fracture surfaces of VNi 3 specimens prepared by an-
nealing at (A) 12000C for 30 minutes and rapidlY cooled (B)
12000C for 30 minutes, furnace cooled to 1000 C for 120 hours
and furnace cooled to room temperature . . . . ....... . 74

33 Tensile fracture surfaces of VCo 3 specimens prepared by an-
nealing at (A) I200°C for 30 minutes and rapidly cooled (B)
IZ000C for 30 minutes, furnace cooled to 1000°C for 120 hours
and furnace cooled to room temperature . . . . . . o o 75

viii



LIST OF TABLES

Table Page

I Properties of Intermetallic Compounds Occurring in the
V-Co and v -Ni Systems ........ . . . . . . . . . 6

II Starting Materials .......... .. ................ . 17

III Chemical Analysis of Arc-Melted V-Ni and V-Co Buttons . . Z3

IV Chemical Analyses of VCo 3 and VNi3 Billets . . . . . ... 31I3
V Rolling of As-Cast Buttons..... . . . . . . . . . . . . . 34

VI Processing Data for Extrusion of VCo 3 and VNi 3 Billets (To
approximately half inch diameter rod) . . . . . . . . . . . . . 35

VII Processing Data for Extrusion of VCo 3 and VNi 3 Billets to
Small Diameter Rod for Tensile Specinens . ........ . 39

VIII Effect of Homogenizing and Annealing Treatments on the
Microhardness of Compounds other than VCo 3 and VNi 3 . . . 40

IX Calculated Values of Lindemann Constant (CL) and Young's
Modulus (E) for the Pure Elements from Measured Debye
Temperatures ... . . . . . . ...... . . . . . . . .. . 53

X Calculated Debye Temperature (0D) and Young's Modulus (E). 55

XI Values of Lindemann Constant Calculated From Published
Thermodynamic Data..... . . . . . . . . . . . . . 56

XII Compression Data for VNi 3 and VCo 3 . . . . . . . . . . . *. 70

XIII Tensile Test Results for VNi 3 and VCo 3 .6......... 73

ix



I. INTRODUCTION

The mechanical properties of intermetallic compounds, which are
defined here as intermediate phases in binary and higher order metal-metal
systems in both the ordered and disordered state, are of interest for two
principal reasons:

a. A number of these compounds possess desirable physical prop-
erties. To exploit these properties practically, the compounds must be fabri-
cated into useful shapes and this requires a basic knowledge of their mechanical
behavior.

b. The compounds themselves are being considered as materials for
high temperature structural applications. Knowledge of their mechanical be-
havior is a prerequisite for the selection of the optimum material and treatment.
Current knowledge of the mechanical behavior of intermetallic compounds is
very limited and incoherent, compared with pure metals and primary metallic
solid solutions. Except for some fundamental investigation of weakly or dered
intermetallics, and the recent studies of Wood and Westbrook on Ag Mg( and
Mote et al., on Ag-Al(2), work on this class of materials generally has been
exploratory or ad hoc in nature. In the present investigation, an attempt is
being made to provide a fundamental understanding of the mechanical behavior
of intermetallic compounds through correlation with pertinent metallurgical
phenomena and test parameters for a carefully selected series of binary com-
pounds. The following six criteria were used in choosing the specific inter-
metallic compounds:

1. lypes of crybtal strut-tures - The selected compounds should
be model materials in the sense that they are representative of groups of com-
pounds with the same crystal structure. This criterion is based on the general
knowledge that the mechanical behavior of metals and alloys is largely depen-
dent on their crystal structure. Thus, there may exist as many model inter-
metallic compounds as the number of different crystal structures that char-
acterize such compounds. From a general point of view, it is desirable to
select for investigation one or more intermetallic compounds representing
each crystal structure. From such an investigation, it should be possible to
establish that there exists a particular set of parameters for each crystal struc-
ture that essentially determine the mechanical behavior, or particular sets of
parameters apply for certain groups of crystal structures, or a particular set
of parameters applies for all crystal structures. However, in view of the rela-
tively large number of crystal structures involved, additional criteria were
employed'in order to limit the selection to a reasonable number of compounds.

2. Potential importance of crystal structure - The different crys-
tal structure groups represented by the selected compounds should contain

( 1 References are given at the end of the report.

Note: Manuscript released by authors November 1962 for publication as an ASD
Technical Documentary Report.



members that possess potentially important mechanical properties at "low",
"intermediate" and "high" temperatures. This criterion should increase the
possibility that the information obtained from the investigation of model com-
pounds would eventually help in attaining improved mechanical properties.
For this purpose, it is not necessary that the selected compounds themselves
possess outstanding properties.

A survey of intermetallic compounds which are composed of
elements with high melting points, and therefore are potentially important for
"high" temperature use, shows that the following crystal structures are com-
mon among them:

a. Ordered face-centered cubic and hexagonal close-packed compounds
based on the composition AB 3 , in which slight differences in stacking of the
close-packed layers are described in terms of the compounds on which the crys-
tals structure are based; i.e., the TiA13 , AuCu 3 , MgCd 3 , VCo 3 , and TiCu 3
type structures.

b. Disordered hexagonal-close-packed compounds; e.g., MoPt.

c. Face-centered cubic compounds based on the MgCu 2 (C15) type crys-
tal structure (Laves Phases); e.g., W Hf.

d. Hexagonal compounds based on the MgZn 2 (C14) structure (Laves
Phases); e.g., TaCr.

e. Body-centered cubic compounds based on the ( - W(A15) structure;
e.g., Cb 3 Os.

f. Tetragonal compounds based on the (3- Ur structure ((YPhases);
e.g., W3 0s.

g. Cubic compounds based on the a-Mn(A 12) structure; e.g., a Ta-Re.

With respect to properties at "low" and "intermediate" temper-
atures, the above crystal structures appear to offer a sufficiently wide range for
study. Based on general knowledge of metals, both face-centered cubic and, to
a lesser extent, body-centered cubic structures are considered potentially im-
portant. As a class of materials, intermetallic compounds are usually brittle
at "low" and "intermediate" temperatures. However, there are undoubtedly
factors involved which are not directly related to crystal structure.

3. Compunds existing in same binary system - The selected
compounds should preferably include one or more series in which several
different crystal structures are obtained by different stoichiometric ratios
of the same two metallic elements. This criterion has the advantage that
comparisons of mechanical behavior can be more easily made between dif-
ferent crystal structures if the same combination of atoms is used. Another
advantage is that the same starting materials can be used in making the com-
pounds. Thus, the contents of both substitutional and interstitial impurities

-2-



will tend to be the same, although this will also depend on their respective
solubilities in the different compounds. This criterion greatly reduces the
choice of compounds since there are only a limited number of binary systems
in which there occur three or more compounds whose crystal structures are
considered potentially important on the basis of the second criterion.

4. Three-d electronic structure - The selected compounds should
preferably include one or more series in which the same crystal structure is
represented by at least two combinations of elements. This criterion has the
advantage that comparisons of mechanical behavior can be made between iso-
morphous compounds which are composed of element combinations such as
A-B and A-Cwhere A is common and B differs from C in some electronic
feature. An interesting variation to study is the extent to which the 3-d band
is filled with electrons in compounds made up of transition elements.

5. Occurrence of ordering - The selected compounds should
include some that are known to exhibit ordering. There is considerable evi-
dence that the degree of both long- and short-range ordering affects mechanical
behavior as determined by hardness, flow stress, rate of strain hardening, and
creep rate measurements. It would be desirable to study effects of ordering in
compounds that can also be compared in other ways, but evaluated by the same
mechanical tests.

6. Upper melting goints - The processing of the selected compounds
into test specimens of sufficiently high purity should be feasible. This criterion
requires considerable judgment and is difficult to satisfy without preliminary
trials. As a precaution, it was decided to restrict attention to compounds pos-
sessing melting points below about 1500 0 C. It was believed that this limitation
would increase the chances of successful melting and fabrication as compared
with mere refractory compounds.

Based on the above six selection criteria, a survey was made of possible
model intermetallic compounds for study. It was decided that the three com-
pounds occurring in the V-Co system and the four compounds occurring in the
V-Ni system beqt satisfied the selection criteria. The phase diagrams for
these systems(3) are shown in Figures 1 and 2 and the compounds selected for
study are listed in Table 1 along with their significant physical properties.

The present report is concerned with the first year (Phase I) of this
continuing program. During this period, emphasis has been placed on the melting,
casting and fabrication of VNI 3 and VCo3, and the study of the mechanical prop-
erties of these two compounds. In addition, the feasibility of the preparation and
fabrication of the other selected compounds has been investigated, and an ex-
tensive review made of ths literature dealing with the mechanical behavior of
intermetallic compounds. A block diagram illustrating the work sequence

-----------
An invited paper based on this review was presented by Dr. Philip Stark at the
Seminar on Intermetallic Compounds, AIME Fall Meeting, New York, October
1962.
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involved is shown in Figure 3. Finally, the validity of a possible method of
computing Young's modulus for intermetallic compounds has been examined.
The ability to predict the elastic modulus would be helpful in selecting suit-
able compounds for study with reference to particular applications.
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r
II. REVIEW OF LITERATURE

A. Considerations of Theoretical Strength

The highest strengths which have been achieved to date in ductile,
polycrystalline bulk materials have been in the martensitic steels in which
yield strengths of 300,000 to 350,000 psi can be developed by appropriate heat
treatment(4). A further increase to about 400,000 psi can be obtained through
the application of thermal-mechanical treatments involving severe deformation
of the alloy. Although these strength levels are much higher than those avail-
able several years ago, the design engineer is seeking still further improve-
ments, not only at ambient temperatures, but also at elevated temperatures.
Unfortunately, these martensitic alloys are not very heat resistant and their
strength decreases rapidly with increasing temperature. It is clear that if
present strength levels are to be substantially increased, then real metals
must be able to develop higher fractions of their theoretical strength.

The theoretical or ultimate strength of a crystal is determined by the
interatomic bonding forces existing within it. These forces are related directly
to the elastic modulus, and as a first approximation, the theoretical strength
of a perfect crystal can be computed as being about 5 to 1016 of its elastic
modulus. However, real crystals do not exhibit such high strengths, since they
usually fail by plastic yielding or fracture long before the theoretical strength
is reached. Such premature failure is a result of the presence of imperfections
in the crystal lattice. It is known that wide variations in the actual strength of
a solid can be achieved through changes in its fine structure. The martensitic
reaction in steels is one example of the large influence structure may have on
strength. Winchelland Cohent 5 ) have shown recently that the flow stress of
iron- carbon-nickel martensites increases substantially with carbon content
(40,000 to 240,000 psi) even though the interatomic bonding strength, as measured
by Young's modulus, is decreasing in this range of compositions. However, the
highest strengths achieved in these martensitic alloys is still far below the
theoretical value.

Notwithstanding the important influence that structure has on the
strength of real crystals, the ultimate or maximum strength is determined by
the interatomic bonding forces existing within the lattice and, thus, a high
elastic modulus is indicative of potentially high strength. As has been pointed
out by Gilman(6 ), if the strengths which are currently available are to be in-
creased by an order of magnitude, then it will be necessary to employ solids
which possess very high elastic moduli and high resistance to dislocation motion
within the lattice. Such solids are the hard metal compounds (i. e. , carbides,
nitrides, borides). However, these compounds inherently are also very brittle

and, therefore, their use in structural applications is limited. Mechanical
properties which are intermediate between those of primary metallic solid
solutions and those of the hard metal compounds would be most desirable. Inter-

metallic compounds offer the possibility of achieving such an attractive com-
promise; that is, somewhat lower strengths but greater ductility and toughness
than the hard metal compounds. These metal-metal compounds encompass a
wide range of mechanical properties. Generally, those compounds which form

-9-



directly from solid solutions or from liquid-solid reactions behave more like
primary metallic solid solutions while those which form directly from the melt
(that is, melt congruently) approach the behavior of the hard metal compounds.

B. Mechanical Properties of Intermetallic Compounds_

1. Elastic Behavior-The Elastic Modulus

Determinations of Young's modulus have been made for only a few
of the known intermetallic compounds. Fortunately, in addition to some direct
measurements of the elastic moduli of metal-metal compounds, there are a few
experimental determinations of the Debye characteristic temperature, which is
related directly to the elastic modulus. Thus, according to Debye theory( 9 ),
Young's modulus (E) is proportional to me2 , where m is the mean atomic weight
and 0 is the characteristic temperature. This proportionality assumes that
variations in Poisson's ratio and the mean atomic volume are negligible. There
is evidence from experimental measurements(8, 9) that gross trends in Young's
modulus may be deduced from changes in e.

Composition and degree of order have marked effects on the elastic
modulus of intermetallic compounds. Nikolaeva and Umanski(I0) determined the
variation in characteristic temperature with composition for CoAl and NiAl, two
brittle, high melting point compounds of the NiAl-type. Assuming me 2 is
proportional to E, their results show that (a) solutions of nickel and aluminum in
NiAl and of cobalt in CoAl produce a decrease in Young's modulus, (b) the decrease
in modulus is more pronounced in solid solutions containing vacancy-type defects
than for solid solutions containing substitutional-type defects and (c) Young's
modulus is a maximum at the stoichiometric composition (i. e., at the maximum
degree of order). One would normally expect an increase in Young's modulus
with increasing order and such behavior also is observed in Cu3Au(Il),
Cu3Pd(1Z) and CuZn(13 ). However, there are a number of other compounds
which exhibit a decrease in E or 0 with increasing order. The reason for this
difference in the behavior of Youngis modulus with changes in the degree of order
is not clear at this time.

Portevin and Guillet ( 1 4 ) examined the applicability of the rule of
mixtures for predicting the elastic moduli of intermetallic compounds. Their
limited data indicates that the elastic moduli of compounds whose bonding is
essentially metallic are closely approximated by the rule of mixtures whereas
the elastic moduli of those compounds whose bonding is predominantly covalent
exhibit large positive deviations. However, their interpretation is open to
criticism since they applied the rule of mixtures without correction to compounds
whose component elements differ in crystal structure.

In selecting compounds for possible applications, it would be
desirable if their elastic properties could be compared by computations from
existing data. An estimate of the Debye temperature may be possible for con-
gruent melting metal-metal compounds by using the semi-empirical Lindemann
eqaation( 1 5 ). This type of calculation has been applied recently by Kaufman(16)

to a number of NaCl-type compounds with reasonable success.
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2. Plastic Behavior

2. 1 Flow Stress

Effect of Ordering - The available experimental data ( 1 7 , 2 1 )

indicate that the flow stress of intermetallic compounds is a maximum at some
intermediate degree of order and this behavior appears to be independent of the
type of ordered lattice. However, the position of the maximum varies from one
alloy system to another, and it may lie at or below the critical ordering tempera-
ture, T c . This variation in the position of the peak strength results from the
fact that the principal order-strengthening mechanism may vary from one system
to another. It is probable that several different order-strengthening mechanisms
are operative in the various experiments which have been reported, and the
position of the strength maxima will be determined by the relative contributions
of each mechanism. The strengthening theories which have been proposed( 2 2 , Z7)
take into account the effects of short range order and partial long range order
of the homogeneous and inhomogeneous types.

In addition to the strengthening derived from degree of order
per se, two other strengthening effects should be noted. One involves the marked
strengthening produced in systems where the ordering reaction involves a change
in crystal structure(2 8 , 29). These alloys are composed of partially ordered
regions in a disordered matrix (inhomogeneous order) and the strengthening, which
is a maximum at an intermediate degree of order, arises principally from the
internal strains set up as a result of the misfit between the ordered and disordered
regions. Such systems are analogous to precipitation hardening systems( 2 9 ). The
second potent strengthening mechanism is the one proposed by Cottrell( 3 0), and
involves the interaction of dislocations with antiphase boundaries. The theory
predicts a maximum in strength at a critical domain size of around 50 A. Ardley(3 1 )
and Biggs and Broom ( 3 2) have observed a maximum in strength as a function of
domain size in Cu 3 Au, which they attribute to the Cottrell mechanism. In recent
experiments on Fe 3 AI(ZI), Lawley, Vidoz and Cahn observed a maximum in
strength as a function of annealing time, which also appears to arise from Cottrellos
domain size theory.

Yield points ( 1 7 ,' 3 1 - 3 3 ), yield-elongation regions over which
stress remains relatively constant( 3 1 , 3 2 , 3 4 ), and strain aging effects( 3 1 , 3 5 ),

have been observed in a number of intermetallic compounds. Such behavior can
arise from both the Cottrell and Suzuki dislocation-locking mechanisms, which
were originally proposed for metals and primary metallic solid solutions, and
from dislocation locking mechanisms which are unique to ordering systems.
These latter mechanisms involve dislocation interactions with order gradients.

Effect of Composition - Flow stress is greatly influenced by
variations in composition within the single phase region of the compound. Changes
in composition result in the introduction of point defects into the lattice which, in
turn, alters the degree of order. Flow stress measurements on AgMg(I) have
shown that sharp minima occur at the stoichiometric composition. Similar
observations have been made by Kornilov(3  in Ni 3Fe. It appears that at low
homologous temperatures, these minima are characteristic of the presence of a
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compound. If one retains the high temperature Fe-Ni y solid solution by
quenching to room temperature, then the minimun disappears and the curve
changes smoothly with composition. Generally hardness and tensile strength
data obtained at low homologous test temperatures also exhibit minima at the
stoichiometric composition. This off-stoichiometric or "solid-solution"
hardening of the compound has been interpreted principally in terms of the
introduction of lattice strains by either substitutional- or vacancy-type defects,
although chemical and electronic effects also may play a role. The vacancy-
type defect appears to be a more potent strengthener than substitutional
atoms(3 8 , 39). The substitutional defect can be a component element in excess
of stoichiometry or a ternary solute addition. Quite clearly, the degree of
hardening depends on the element selected as the ternary or excess addition,
since the amount of lattice strain introduced varies with the substitutional defect.
For example, excess silver(1). However, the interpretation of the influence of
substitutional defects per se on strength is complicated by the recent observa-
tions of grain boundary hardening effects resulting from oxygen and/or nitrogen
absorption in binary compounds having either a stoichiometric excess of an
active element (i. e., excess Mg in AgMg) or appropriate ternary additions( 3 7 ).
These observations suggest that the true effect of either a ternary addition or an
excess active element on strength cannot be evaluated until the anomalous grain
boundary hardening is eliminated. This grain boundary hardening effect will be 1
discussed further in Section 2. 2.

Effect of Strain (Work-hardening) - It appears to be a general
phenomenon(17, Z7,3,33,3_5tt--f i alloy work-hardens much
more rapidly than the disordered alloy and that, in general, compounds work-
harden much more rapidly than metals. In fact, it has been suggested that _
the brittleness of intermetallic compounds results from their high rate of work-
hardening. A number of hypotheses have been suggested to explain the enhanced
work hardening rate of ordered lattices: (a) The difficulty of cross-slip in an ii
ordered material resulting from the extended nature of the superdislocations( 4 0 )
(b) the reduction in domain size of the ordered alloy with increasing deformation( 7 )
and (c) the production of strips of antiphase domain by jogged superdislocations in !
the ordered material( 3 3 ).

Effect of Grain Size - The only attempt to examine quantitatively
the effect of grain size on the flow stress of a wrought compound has been by
Wood and Westbrook in AgMg(l). Their results indicate that grain size has only
a small influence on the flow stress of AgMg at low homologous temperatures. i
Unfortunately, the treatments employed to vary grain size also may have varied
the substructure, dislocation density and distribution of solute atoms, and it
appears that this may be the reason for their data not obeying the usual linear I
relationship between flow stress and the inverse square root of the grain diameter.

Effect of Tempera t ure and Strain Rate - There have been very
few measurements of flow stress as a function of temperature for strongly
ordered compounds and most of our knowledge of the high temperature strength
of intermetallic compounds derives from hardness measurements. Because
hardness tests cannot distinguish between variations in flow stress and variations
in work-hardening characteristics (unless the elaborate Meyer analysis is
applied), it generally is not possible to assess the actual change in flow stress
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with temperature from such measurements. However, it can be said that the
strengths of many intermetallic compounds, as measurad by hardness, possess
high heat resistance.

The first extensive study of the tensile behavior of an ordered
intermetallic compound was carried out by Wood and Westbrook on AgMg( 1 ).
Three regimes of deformation behavior are exhibited by this compound: (i) at
low temperatures and moderate strain rates (- 0.005 min. "1 ) where the
deformation is primarily by slip)(ii) at intermediate temperatures and low to
moderate strain rates (< 0. 005 min. l) where interactions between solute atoms
and dislocations play a p-rominent role in determining mechanical behavior, and
(iii) at high temperatures and low strain rates where deformation is controlled
by diffusion processes. The results at low temperatures already have been
summarized. In the intermediate temperature range, the flow stress was found
to be inversely proportional to the absolute temperature, and at a constant
temperature, exponentially related to strain rate. At high homologous tempera-
tures (> 0.6TM) and for small deviations from stoichiometry, the flow stress
is a minimum at the stoichiometric composition. However, hardness data
obtained at equivalent homologous temperatures for AgMg( 4 1) exhibit maxima
at the 50-50 composition. The maximum in hardness at high temperatures was
explained on the basis that deformation in this range is diffusion controlled and
point defects enhance diffusion. From the flow stress measurements, it appears,
at least for AgMg, that defects have a greater influence on slip than on diffusion
when present in low concentrations.

Since intermetallic compounds are being considered for high
temperature structural applications, their creep behavior is of prime importance.
Studies on the creep behavior of metal-metal compounds have shown that the
compounds generally possess greater creep resistance than either the pure
components or the primary solid solutions of their components( 3 6 , 42) and that
both short and long range order enhance creep resistance( 3 6 , 4 3 ).

2. 2 Ductility

Effect of Temperature, Strain Rate and State of Stress -
Although there are notea exceptions, a genera---i shortcoming of intermetallic
compounds is their poor ductility at low homologous test temperatures. Their
brittleness is associated usually with grain boundary effects, since not only are
most fractures intergranular but also single crystals exhibit more plasticity
then do polycrystals. However, almost all intermetallic compounds exhibit some
plasticity at elevated temperatures (0.7-0.9 of their melting point). Slow strain
rates and a nearly hydrostatic stress state are also conductive to high plasticity.
The application of these three factors has permitted the fabrication of a number
of compounds by extrusion.

Effect of Prestraining - Savitskii ( 4 4 ) has reported that the
extrusion of a cast materi a increases its plasticity in subsequent hot compression
tests. Wood and Westbrook(l) also found that prestraining enhances the ductility
of AgMg. As an example, an extruded silver-rich wire was ductile at room
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temperature,whereas the same composition in the as-cast condition was
completely brittle. For AgMg, explanations based on the existence of a coarse
grain structure and compositional heterogeneities within the cast material
cannot account for the observed difference in ductility. Extruded AgMg remained
ductile even after an anneal which developed a grain size comparable to that
found in the as-cast material. In addition, long-time homogenization treatments
which appeared to eliminate gross compositional heterogeneities did not make
the as-cast material ductile. Another example of the enhancement of plasticity
by prior straining was observed in magnesium-rich AgMg. Prestraining in tension

at slow strain rates and at high temperatures considerably increased the sub-
sequent room temperature ductility. From the evidence available, it appears that
prestraining per se may improve the ductility of intermetallic compounds.

Effect of Composition - It is known that the ductility of a
compound can be affecJsg-nifi-atl-by compositional variations within the
single phase field. For example, the tensile transition temperatures for AgMg
compounds containing excess silver were found to be about 400 C lower than for
those containing excess magnesium( 1 ). The intergranular brittleness of these
magnesium-rich compositions has been shown(3 7) to arise from a hardening of the
grain boundary regions relative to the bulk material. Although the specific
hardening mechanism is not known, the phenomenon appears to be the result of
preferential absorption of nitrogen and oxygen and their segregation to grain
boundaries. This hardening is independent of the type of crystal structure, and
is found in a large number of binary intermetallic compounds which have a stoichio-
metric excess of the "active" component element. It is not observed in those com-
pounds in which the "active" element is less than the stoichiometric composition. I
An "active" element is one which has a high reactivity with, or solubility for, the
gaseous impurities oxygen and nitrogen. Hardness measurements as a function
of temperature show that the temperature at which the grain boundaries are no !
longer harder than the bulk material is approximately the temperature at which
the onset of plastic deformation is achieved. Such a correlation strongly suggests
that the presence of grain boundary hardening is at least partly responsible for I
the higher transition temperature of the magnesium-rich compounds compared
to the silver-rich compounds. However, the brittle behavior of silver-rich
compounds at temperatures close to liquid nitrogen apparently results from I
another cause since no grain boundary hardening is obtained for these composi-
tions. It also should be noted that appropriate ternary solute additions can
produce this grain boundary hardening effect in compositions which normally do I
not exhibit it (i.e., in the silver-rich compound). Furthermore, certain ternary
additions and, to some extent, annealing treatments can modify or eliminate the
effect.

C. Synop sis 1

In summary, intermetallic compounds encompass a wide range of crystal
structures, bonding types and properties. These compounds are being considered
for high temperature structural applications because their mechanical behavior I
generally is intermediate between that of the primary metallic solid solutions
and the hard metal compounds. Although at low homologous temperatures many
of them are brittle relative to metals, their room temperature impact strengths I
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are high compared with the more refractory compounds, and there are indica-
tions that their generally low ductility can be improved. It is clear that if an
understanding of the mechanical behavior of intermetallic compounds is to
approach that of the primary metallic solid solutions, and if some systematiza-
tion and generalization of their behavior is possible, then more information is
needed concerning the effects of pertinent metallurgical and test parameters.
The objective of this present investigation is to provide some of this needed
information.
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III. EXPERIMENTAL PROCEDURE

A. Materials

The types and typical analyses of the starting materials used in pre-
paring the selected V-Ni and V-Co compounds, are given in Table II. The
acceptability of the various starting materials was confirmed by metallographic
examination. The pellets were used for the bulk of the melting, which was by
the non-consumable arc technique. The rods and wires were employed in an
attempt to prepare the compound VNi3 by electron beam melting. Since the
procedure for alloying by the latter method, and indeed its feasibility, had not
been established for these compounds, trial runs were made with materials that
were readily available and not of the highest purity.

B. Melting Techniques

1. Arc-Melting

Non-consumable arc-melted buttons (1-5/8" dia. x 3/8" thick)
of all the compounds were prepared in an MRC-type furnace under argon at a
pressure of 260 mm of mercury and with a thoriated tungsten electrode. Before
each melting, the chamber was evacuated, purged twice with argon and then
back-filled to the final partial pressure.

Extrusion billets of VNi3 and VCo3, 2 inches in diameter by
3 to 4 inches in length, were prepared in the following manner. Arc-melted
buttons of each compound (45 of them were required for a 3 inch billet and 60 for
a 4 inch billet) were crushed into pellets, cleaned in aqua regia and then re-melted
by non-consumable arc-melting to form the billet. Two billets were made of each
compound. Each billet was cropped at the top to remove the shrinkage cavity and
then machined to either 1- 1/2 or 1-3/4 inches in diameter, depending upon the
condition of its surface.

2. Electron Beam Melting

Attempts were made to prepare very pure specimens of VNi 3

in an electron beam zone-melting furnace, (45) both by forming the compound di-
rectly from its component elements and by zone-refining the arc-cast compound.
In the attempts to prepare the compound VNi3 from its pure elements, two types
of anode were employed: (a) nickel wire tightly coiled about a bundle of straight
vanadium and nickel wires and (b) vanadium wire closely coiled about a nickel
rod. The vanadium: nickel ratio per unit length of the composite was chosen
to yield an alloy lying in the VNi 3 single-phase field. In the case of the coiled
wire anode, the nickel rod was melted first and the vanadium allowed to dissolve
into the surrounding molten pool.

For the zone-refining of arc-cast VNi 3 , a suitable anode was
prepared by electron beam welding together several 1/8-inch diameter rods
which were ground from a single button.

-16-



Table II

STARTING MATERIALS

Diameter Typical Analyses
Material Source Form (Inches) (Wt. %)

Vanadium VCA Pellets 0. 250 99.6 V
McKay Wire 0.020 0.05 Fe

0.05 C
0.07 0
0.03 N
0.005 H

Mond Nickel McKay Pellets 0. 370 99.9 Ni
0.03 Fe
0.003 Cu
0.06 C
0.001 S

Trace Si

Whitehead Rod 0. 250 99.45 Ni(+Co)
0.15 Fe
0.06 Cu
0. Z5 Mn
0.05 C
0.005 S

Grade A McKay Wire 0.020 99.4 Ni (max)
0.05 Fe (max)
0. 25 Cu (max)
0. 35 Mn (max)
0.05 Si (max)
0. 20 C (max)
0. 02 S (max)

Electrolytic McKay Pellets 0. 250 - 0. 370 99.6 Go
Cobalt 0.10 Ni

0.08 Fe
0.006 Cu
0. 006 Mn
0.027 Si
0. 035 Al
0.004 Zn+Cd
0.001 Pb
0.01 C
0.035 0
0.0007 H
0.008 S
0.003 P
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C. Fabrication Methods

1. Rolling

A Z-inch high, 15 inch diameter mill was employed for the various
rolling experiments. In order to prevent oxidation during heating and hot-rolling,
the specimens were sealed in a stainless steel tube, after first purging with argon
gas.

2. Swaging

The rods to be swaged were preheated in a Glo-Bar electric
furnace in an atmosphere of argon. The swaging experiments were carried out
using preheated "handspring" dies.

3. Extrusion

The extrusion of VNi 3 and VCo 3 was carried out in a 300 ton
press fitted with a steel liner preheated to 480 0 C. A ram speed of 30 inches
per minute was employed. Each billet was contained in a stailess steel jacket
which was evacuated at room temperature to less than 0.03 microns and sealed.

D. Heat Treatment

Most of the heat treatments were carried out in a quartz vacuum tube
furnace which was maintained at a pressure of less than 5 x 10-6 throughout the
heat treatments. The specimens were held in recrystallized alumina crucibles
to prevent contamination by the vacuum chamber walls. A record of each heat-
treatment was made on a strip chart by a Honeywell Brown Electronik Potenti-
ometer Recorder. Cooling was accomplished by "furnace-cooling", in which
the furnace was shut off, and by "rapid quenching", in which the furnace was "
rolled back from the quartz vacuum tube. These two methods gave cooling -

rates of 2.50C/min and Z40°C/min respectively.

Specimens requiring a brine quench were placed in a recrystallized-
alumina crucible and sealed in a quartz vacuum tube, which was first outgassed
at a temperature of approximately 530 0 C and a pressure of less than 5 x 10-6
mm of mercury. The tubes were then heated in a Kanthal wound resistance
furnace. At the end of the heating period, the specimen tubes were rapidly
removed from the furnace and quenched in brine; simultaneously, the quartz
tubes were broken to ensure effective quenching of the specimens.

E. Mechanical Testing

1. Hardness

Hardness measurements were made using a Leitz Durimet -
Microhardness Tester with a 500 gram load. Calibration was carried out at
frequent intervals by the use of a standard test block.
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2. Indentation Stress-Strain Measurements

For some specimen conditions where it was inconvenient or
impossible to carry out compression or tensile tests, stress-strain character-
istics were determined by the method of surface indentation measurements. In
this method, the diameter of an impression made on the polished surface of a
specimen by a spherical cemented carbide ball is measured as a function of
indenting load. Two indentors,l/32" and 1/64" in diameter,were used to achieve
a wide range of strain using the same loads.

As previously determined (46) for copper and mild steel and
several alloy steels, the stress-strain relationships can be expressed in terms
of the mean pressure (Pm) applied by the spherical indentor and the diameter (d)
of the resulting indentation as follows:

stress: O= -

I 1 c 1 d

c2d
strain: e =

where W = applied load

D = the diameter of the indentor

C 1 and C 2 = constants

Values reported 4 6 ) for these constants are C 1  2.8, C2 = 20. For the pre-
sent application it was assumed that these constants remain the same for all
heat treated conditions.

The loads used in indentation test varied from 1 kilogram to
10 kilograms. A Leitz microhardness tester was used in the range up to 2 kilo-
grams, and a Kentron microhardness tester was used for higher loads.

3. Compression Testing

Compression samples were prepared from extruded rods by
centerless grinding to 0. 399" + 0.00 1" in diameter and sectioning into approx-
imately 1/2 inch long specimens. These specimens were held in a precision
"V" block and flat parallel faces surface ground perpendicular to the axis.
SR-4 (Type A-18) wire resistance strain gages were then mounted on the speci-
mens for the determination of elastic modulus, elastic limit and stress-strain
curve out to 0.01 strain. The modulus was measured on an Instron machine with
a compression load cell by simultaneous recording of Instron load and strain
gage output on a Baldwin strain indicator. Elastic limits were obtained by
periodically unloading and measuring the residual plastic strain. Stress-strain
curves were determined on a Baldwin 60,000 pound hydraulic testing machine.
Strain-gages were used for strains up to about 0.01. The gages were then soaked
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off in acetone and further plastic compression recorded by measuring the axial
strain discontinuously, i.e. load-release method, with a micrometer. This
technique has the advantage of inhibiting the onset of barrelling.

4. Tensile Testing

Tensile specimens, 2 in. long, were prepared from extruded rods
by centerless grinding (0. 050" diameter). After heat-treatment, the specimens
were electropolished to reduce the gage section and ensure a smooth surface.
This was accomplished by lacquering each end of the specimen so as to leave a
center section one inch long exposed to the polishing solution. In the first tests
carried out, some slipping in the grips was observed and the specimens fractured
in the gripped portions, which was held in a modified pin chuck. Consequently,
for later specimens, the entire length was electropolished before reducing the
gage length further. This method of preparation reduced the number of fractures
within the grips. However, some slipping still occurs and alternative methods of
gripping the specimens are being investigated.

Tensile testing was carried out on a modifid Polyani tensile
machine of a design similar to that described by Adams . In this machine,
load is applied to the specimen by movement of the lower grips which are
connected to a movable frame cross-head by means of a tie rod. The cross-
head is driven by a constant speed synchronous motor through a translating
screw and reduction gears. The upper grips are connected by means of a tie
rod to a load measuring dynamometer, which is connected to the stationary
part of the frame. Axiality of loading is facilitated by means of universal joints
at the upper and lower ends of the tie rod and at the lower grips. Two inter-
changeable resistance strain-gage dynamometers (J. Langham Thompson, Ltd.,
England) of the proving ring type, with load ranges of 0 to 200 pounds and 0 to
500 pounds are used for load measurement. Constant voltage is supplied to the
dynamometer by lead storage batteries (18 volts). Controlled variations in
input voltage are provided by decade resistance in series between the batteries
and the dynamometer. Dynamometer output voltage, corresponding to the
applied load, is recorded on a Honeywell Brown Electronik Potentiometer
Recorder together with the corresponding specimen extension. The latter is
defined by the proportionality between the selected constant movable frame
cross-head speed and the selected constant chart speed.

F. Metallography

1. Light Microscopy

Standard metallographic preparation technique using silicon
carbide papers followed by diamond paste were generally used. For some speci-
men conditions, mechanical polishing produced artifacts and it was necessary to
develop an electropolishing technique. Satisfactory electropolishing was achieved
using an electrolyte of 4 parts conc. HZS0 4 in 3 parts HZO and a current density
of 0.5 amp/cm2 . Microstructural examinations were always made on longi-
tudinal sections parallel to the direction of working. In addition, a few obser-
vations were made on transverse sections. Grain size determinations were
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made by the linear intercept method, taking the average of determinations on

nine different areas.

2. Electron Microscopy

Negative parlodion replicas of suitably etched specimens were
prepared by dry stripping with scotch tape using a 200 mesh nickel grid, and
shadowing with chromium at 27.50. Examination was carried out on the RCA-
EMU2 and the Hitachi HU- 11 electron microscopes.

In addition to the replica microscopy, some preliminary work
was carried out on the development of a technique suitable for the preparation
of thin-foil specimens for transmission microscopy. The technique attempted
up to the present has involved the surface grinding of heat-treated sheet mater-
ial to a thickness of 0. 0 15 in., followed by hand polishing on water-lubricated
silicon carbide paper down to a thickness of 0.004 in. Finally, the sheet has
been electrothinned by a "window" technique, using the sulphuric acid-water
electrolyte developed for electropolishing. The foils produced as yet have not
been of good quality and will not be discussed in this report. With some mod-
ification, the technique appears likely to be quite suitable for these compounds.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Melting and Alloyng of Cornpounds

1. Button Ingots

Since very little was known about melting procedures for any
of the selected compounds, it was decided that preliminary information should
be obtained on small melts before proceeding on to large ingot sizes. There-
fore, non-consumable arc-melted buttons of all the compounds were prepared
from appropriate mixtures of vanadium, cobalt and nickel pellets. The chemi-
cal analyses of buttons prepared in this manner are given in Table III. Exten-
sive analyses on a VNi 3 and a VCo 3 button, taking samples from along the
diameter and through the thickness, revealed only minor variations in com-
position throughout the buttons.

Metallographic and microhardness examination of the as-cast
buttons showed the VNi 3 and VNi Z to be essentially single phase despite some
coring (dendritic segregation) - see Figs. 4 and 5. In contrast, the V Ni con-
sists primarily of two phases, with possibly a small amount of a third-phase
present (Fig. 6). The brittle, intergranular constitutent, exhibits a fine lamellar
structure and apparently results from the eutectoid decomposition of a- the high
temperature form of VZNi. The microstructure of the V 3 Ni is composed of three
phases (Fig. 7). The presence of the third phase arises from non-equilibrium
cooling conditions; although the V-Ni phase diagram has not been clearly defined
in this region, it appears that these phases may be V 3 Ni, VzNi and 07'.

The microstructure of the VCo 3 shown in Fig. 8 is essentially
single-phase, although dendritic segregation or coring is present. Some inclu-
sions, pinholes and apparent grain boundary precipitate are visible in the struc-
ture. VCo cracked during cooling from the melting temperature and a satisfactory
metallographic specimen could not be prepared. The as-cast structure of V 3 Co
(Fig. 9) consists of three phases, possibly V3 Co, VCo and a vanadium rich solid
solution. Regions near the surface of the casting exhibit some intergranular cracks
similar to those in VCo.

A measure of the relative brittleness of the as-cast buttons was

obtained from observations made when attempting to cut them into sections for

metallography and heat-treatment. VNi 3 , VNi 2 and VCo 3 buttons could be cut
with relative ease. The V Ni could be cut only with difficulty due to its high
hardness. Some buttons of V Co could be cut without cracking, but others ex-
hibited numerous macrocracis after cutting; this inconsistancy in behavior may

be a result of variations in the volume percentage of O9 phase and the number of

microcracks formed during casting. In contrast with the preceding compounds,

V Ni and VCo as-cast buttons could not be cut without shattering. The effects of
homogenization on these compounds is discussed in a later section.
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Fig. 4 - Microstructure of as-cast VNi 3 '
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Fig. 5 -Microstructure of as-cast VNi 2.
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Fig. 7- Microstructure of as-cast V 3 Ni.
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2. Extrusion Billets

Arc-melted billets of VNi 3 and VCo were prepared for ex-
trusion to approximately 1/2 inch diameter rod. Each billet was cropped at the
top to remove any shrinkage cavities and then machined to either 1-1/2 or 1-3/4
inches in diameter, depending on the condition of its surface. After machining,
three of the billets still exhibited a few shallow blow-holes at the surface, and
the fourth had a small number of circumferential surface cracks. However, it
was decided that these were minor defects and that the billets should yield sound
material after extrusion.

The vanadium, carbon and tungsten analyses of the four billets
are given in Table IV. The two former were made on chips machined from the
top, middle and bottom portion of each ingot. The tungsten content was determined
on only one billet of each compound. It is seen that the compositions of the ingots
lie within the homogeneity range of their respective compounds, and that the va-
riation in vanadium content along the length of each billet is within the precision
of the measurements. With the exception of the BI billet, the impurity content
is low. However the carbon contents were determined gravimetrically and should
be considered as only approximate; carbon is now being re-determined conducto-
metrically. Billet B4 contains essentially no tungsten and although billets BZ and
B3 were not analyzed for tungsten, the quantity of insoluble residue on digestion of
samples from these billets indicates that their average tungsten content is less
than 0. 05%. An overheating of the electrode during the melting of the first ingot
is the cause of the higher tungsten content in Bl (0. Z3% W).

3. Electron Beam Melting

Attempts were made to prepare the compound VNi 3 from its pure
elements by electron beam zone-melting. In the initial attempt, the anode was a
random arrangement of straight vanadium and nickel wires enclosed in a closely
wound nickel wire sheath. This arrangement of the component elements proved
unsatisfactory since a uniform stable melting zone could not be maintained. Very
little alloying occurred and the nickel-vanadium ratio varied considerably along
the length of the composite due to dripping and running of the molten nickel.

The next three attempts to prepare the compound involved the use
of an anode consisting of vanadium wire wrapped around a nickel rod. The melted
rod was consistently found to be covered with a black layer which was apparently
oxide. Two distinct metallic layers were observed beneath the outer oxide, indica-
ting that complete alloying did not occur throughout the cross-section. The outer
layer was vanadium rich V-Ni alloy and the inner core, which occupied about 90%
of the cross-section, was essentially unalloyed nickel.

It was decided that no further effort should be spent in attempting
to prepare the compounds by the electron beam zone melting technique.
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4. Electron Beam Zone-Refinina

A preliminary investigation of the feasibility of zone-refining
arc-cast VNi 3 was carried out. A suitable anode was prepared from several
1/8" diameter rods ground from a single button and welded together with the
electron beam. Five traverses of the molten zone along the anode were made
at the rate of approximately 0. 2 in/min. The resulting microstructure con-
sisted of large regular grains with boundaries which were slow etching and very
difficult to distinguish. Each grain appeared identical, in contrast with the "light"
and "dark" grains which were observed in the arc-melted structure (Fig. 10).
Thus, it appears that the zone refining technique results in very small misorien-
tations between grains, which suggests that the growth of single crystals of VNi 3
by this method may be feasible.

B. Primary Fabrication

1. Rolling of As-cast Compounds

The rolling experiments were multi-purpose in that they were
intended: (a) to provide deformed specimens to study its effect on annealing time
and temperatures, (b) to determine the feasibility of fabrication by rolling of
as-cast compounds and (c) to furnish temperatures at which fabrication by extru-
sion is likely to be successful. A summary is given in Table V of the response
of as-cast buttons of the selected compounds to rolling at temperatures in the

o .0range from 800 to 1200 C. The V 3 Ni was not deformed above 800 C in order to
avoid the formation of V Ni by peritectoid decomposition. The compounds V2 Ni
and VCo were not rollec-because of their brittleness in the as-cast condition. It
is clear from the results obtained, that most of the as-cast compounds cannot be
fabricated by rolling.

2. Extrusion of VNi 3 and VCo 3

The extrusion of the as-cast billets of VNi 3 and VCo 3 were
carried out in a 300 ton hydraulic press fitted with a 2. 04 inch inside diameter
liner preheated to 480 0 C. A ram speed of 30 inches per minute was used. Each
billet was contained in a stainless steel jacket which was evacuated at room tem-
perature to less than 0.03 microns and sealed. The thickness of the jacket wall
varied from 0.08 to 0. 2 inches so that, in each case, the final diameter of the
canned billet was 1.93 inches. The billets were preheated in an external furnace
for 2 hours at temperatures of 1150 to 1250 0 C and were all successfully extruded
to approximately 1/2 inch diameter rods. VNi 3 billet B3 stalled when attempts
were made to extrude it at 1Z00 0 C and at an extrusion ratio of 16:1. However,
the billet was re-canned and extruded successfully at 12500 C with an extrusion
ratio of 10:1. The conditions and results of the extrusion experiments are sum-
marized in Table VI.

The microstructure of the lead-ends of the as-extruded billets of
both compounds were almost completely recrystallized, as illustrated in Fig. 11.
However, as a result of a drop in the temperature of the billet during extrusion,
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the tail-ends of the extruded rods contained a few unrecrystallized grains. Within
the recrystallized grains of VNi 3 there are twins and fine structure. Neither of
these structural features is seen in as-extruded VCo 3 .

C. Secondary Fabrication of VNi. and VCo 3

Further fabrication of the 1/Z in. diam. extruded rods was necessary
to provide material of a size suitable. for the preparation of specimens for tensile
testing. It was also desirable that this further fabrication be efficient enough to
supply the needed material for all specimens from one casting of each compound
so as not to introduce the variable of composition into the interpretation of test
data. Three types of fabrication were examined: rolling, swaging, and further
extrusion.

1. Rolling

The effects of both sequential hot and cold rolling of the as-extruded
rod and of hot rolling annealed rod were investigated. In the case of the former,
sections of VCo and VNi extruded rod were sealed in stainless steel tubing under
argon and rolled-at 120002 to approximately 50% reduction. The rod sections were
1 in. long and were previously ground to 0. Z5 in. dia. Some edge and surface
cracking occurred and the rolled pieces had to be surface ground to a thickness
of 0.086 inches. The specimens of both compounds were then annealed at 12000C
for 1/2 hour, furnace cooled to 10000C and held 3 days, and finally furnace cooled
to room temperature. The specimens were next rolled at room temperature in 4
passes, with an anneal after the 3rd pass of 1000C for one hour,followed by furn-
ace cooling. The final thickness of the specimens were, VNi 3 = 0.037" thick and
VCo 3 =0. 034".

For the hot-rolling experiments, specimens of as-extruded material
were heat treated at 12000C for 1/2 hour, furnace cooled to 10000C and held for 3
days, and finally furnace cooled to room temperature. These specimens were sealed
in stainless steel tubing under argon and rolled to approximately 50% reduction at
the highest possible temperature within the ordered range (VNi 3 -9750C, VCo -
10000C). As in the cold-rolling experiments, some edge and surface cracking took
place. Thus, although these compounds can be hot or cold rolled successfully, the
process is wasteful of material because of the amount which must be ground away
to remove rolling cracks.

2. Swaging

Sections of as-extruded rods of VNi 3 and VCo 3 were centerless
ground to 0.400 inches in diametex, and swaged in air at 1200 0C. Preheating was
carried out in an inert atmosphere furnace. A reduction of 0.025 inches (i. e. ap-
proximately 12% reduction) was made on the first pass. The VNi 3 reduced with
few observed defects, but the VCo3 developed circumferential cracks. Both com-
pounds began to break up on attempting a second pass after reheating to 12000C.

The microstructure of the swaged compounds contained numerous
cracks but did not show excessive grain growth. Possible causes of the cracking
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I
are contamination picked up during the first pass, or chilling because of the small
rod diameter. A solution to both problems would be to sheath the rods in stain-
less steel, which would prevent oxidation and help to retain the temperature for
a longer period. However, in view of the success of the secondary extrusion
technique discussed below, further work on hot-swaging was not attempted.

3. Extrusion

Sections of each compound as extruded from the original cast billet
were centerless ground to 0. 435" diameter. The sections (4 in. long) were built up
to 1 in. diameter with a stainless steel jacket, evacuated and sealed. Extrusions
to 0. 09 in. diameter rods at temperatures above the ordering temperature were
carried out under the conditions indicated in Table VII. The extrusions were
successful and provided material of a suitable size and in sufficient quantity for
tensile testing.

D. Homogenization and _Annealing Behaviour

The effects of temperature and time on homogenization and annealing
behaviour, as observed by metallography and microhardness measurement, were
examined for all the compounds in the as-cast and the cast and rolled conditions.
In the case of VCo 3 and VNi 3 , the effects were also studied for the cast and ex-
truded condition.

1. As-cast and As-rolled compounds other than VNi 3 and VCo 3

Temperatures in the range 10000C to 11000C were selected as the
highest which could be used for the five compounds VNi2 , VZNi, .V 3 Ni, VCo and
V 3 Co without risk of decomposition. Two treatments were examined a) vacuum
annealing at 1000 0 C for 5 days followed by furnace cooling to room temperature
and b) same treatment as (a) followed by annealing at 1100C for 1 hour, furnace
cooling to 10500C for 7 days and furnace cooling to room temperature (1050 C
was the maximum safe temperature for prolonged operations of the furnace then
available). Both as-cast and hot-rolled specimens were subjected to these treat-
ments. The hardness results are summarized in Table VIII.

In the case of the VNi 2 , both the as-cast and the rolled specimens
exhibited similar hardness after annealing at 10000C. The structures appear homog-
eneous and similar, except for the fine and more equiaxed grains developed in the
initial as-rolled specimen. The microstructure is shown in Fig. 12, which is to be
compared with the as-cast structure of Fig. 5. The annealed specimens exhibit a
fine structure within the grains which is analogous to that observed in VNi 3 (see
Fig. 11) and is probably associated with the order-disorder transition. Because
of the homogenization resulting from the 1000C anneal, the VNi 2 was not annealed
further. In the case of the as-cast VNi, the 10000C anneal developed an essentially
homogeneous structure which was substantially lower in hardness (Fig. 13A). The
second anneal resulted in recrystallization and the development of a fine structure
within the grains. (Fig. 13B). The slight increase in hardness arising from the
second anneal may be due to this fine structure. In the case of the V 3Ni, neither
annealing treatment greatly changed the distribution of the initial multi-phase

- 38 -



Table VII

Processing Data for Extrusion of VILCa 3 and VNi. Billets to

Small Diameter Rod for Tensile Specimens

Final
Billet Preheat Extrusion Extrusion Gore

Compound No. Temperature rate ratio (calc.) Size

VC0a3  B-i 1Z00O0 3011/min. 16 to 1 0.090",

VNi 3  B-3 1250 0 C3011/min. 16 to 1 0.090",
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structure. This was so for both the as-cast and the rolled material. The large
hardness differences between the phases were also maintained - see Table VIII.
Although the composition range of V3 Ni is unknown (see Fig. 2), it appears likely
from these results that the vanadium content of the ingot (71.4 wt.% compared
with the stoichiometric composition of 72. 3 wt. %) falls outside it.

Of the V-Co compounds, the VCo showed only a small drop in
hardness after the 1000 0 C anneal and no further drop after the second anneal. No
strong changes in microstructure from the original structure were apparent after
either annealing treatment, as can be seen from Fig. 14. It will be recalled that,
due to pronounced cracking, satisfactory micrographs could not be obtained from
the as-cast VCo. The fact that this is possible after annealing indicates that some
changes have occurred in the material, even though these are not apparent in the
structure. In the case of the V3 Co, the hardness increases after the 1000 0C anneal
for both the as-cast and the as-rolled specimens. In addition, the microstructure
(Fig. 15A) shows that homogenization has occurred but that there are still two
phases present (compare with Fig. 9). The fact that the second annealing increases
the amount of one of these phases (Fig. 15B), suggests that either the vanadium
content of the ingot (71. 6 wt. % compared with the stoichiometric composition of (3)
72.2 wt.%) is outside the composition range of the compound, or that the reported
decomposition temperature of 1125 0 C is too high.

2. As-cast and As-rolled VNi 3 and VCo 3

For these compounds, only a limited study was made of the anneal-
ing of as-cast material. Instead, a more extensive study of the annealing of rolled
material was made in order to guide the selection of extrusion conditions.

For the as-cast material, specimens of each compound were va-
cuum annealed at 1100 C for 6 hours. Cooling was accomplished by withdrawing
the vacuum chamber from the furnace. For both compounds, small decreases in
hardness took place and the dendritic as-cast structure was reduced considerably,
although not eliminated. The annealed VNi 3 exhibited grain growth and fine struc-
ture within the grains. The VCo 3 showed a pattern of fine striations which are
probably mechanical twins formed during the relatively rapid cooling from 1100°C,
although there is some resemblance to the stacking fault structure reported for
cobaltr4 8 ).

For the rolled condition, arc-melted buttons of VNi and VCo 3
were reduced in thickness approximately 75% by rolling at 950 and l3000C respec-
tively. Specimens cut from this material were then vacuum annealed for 30 min.
periods at a series of temperatures in the range from 800 to 1200 0 C. Again, cool-
ing was accomplished by withdrawing the vacuum chamber from the furnace.

The effects of annealing temperature on the microstructure and
hardness of as-rolled VNi3 are shown in Figs. 16 and 17 respectively. It is seen
that the compound is completely recrystallized after annealing at 1000 0 C and that
a discontinuous increase in hardness occurs as a result of annealing above the
order-disorder temperature (1045 0 C). The grain size of the specimens recrys-
tallized at 1100 and 1200 0 C is very much larger than that recrystallized at 1000 0 C,
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which should result in their being softer not harder, and all three specimens ex-
hibit recrystallization twins. The strong hardness increase observed is accom-
panied by marked differences in the internal structure of the grains. The grains
in the 1000 0 C specimen are smooth (Fig. 18), whereas those in the 1100 and
1200 0C specimens exhibit a fine substructure (Fig. 19). As will be discussed
later, this structural feature is associated with the nature of the cooling cycle 0
from the disordered state existing above the critical ordering temperature (1045 C).
A similar substructure was observed in the as-extruded samples of VNi 3 which were
cooled rapidly from 1Z00 0 C during processing.

The hardness changes accompanying the annealing of as-rolled
VC0 are shown in Fig. 20. The hardness does not show a discontinuous increase3 0

upon annealing above the critical ordering temperature (1070 C) as was found for
VNi 3 . This observation is in agreement with the fact that there appears to be no
difference in the interior structure of the recrystallized grains of VCo 3 formed
on annealing above and below this temperature. The compound recrystallized
almost completely at 1000 0 C and the structure formed at that temperature and
higher consists of homogeneous equiaxed grains free from annealing twins or fine
substructure. As for the VNi 3 , substantial grain growth occurred on annealing
above the critical ordering temperature.

3. Extruded VNi3 and VCo 3

As pointed out earlier, the as-extruded billets of both compounds
were found to be homogeneous and almost completely recrystallized. Accordingly,
this material was used directly for a study of the effects on microstructure and
mechanical properties of a variety of heat treatments designed to produce different
degrees of order and grain size. The results of this work are discussed in the
next section.

E. Mechanical Behaviour

1. Elastic Modulus of Compounds

The elastic modulus of a solid is related directly to interatomic
bonding strength and, as discussed in Section II, the theoretical strength of a
perfect crystal is approximately 5 to 10%6 of the elastic modulus. Although the
relationships between actual and theoretical strengths are not clearly understood,
a high elastic modulus is indicative of potentially high strengths. Accordingly,in
selecting compounds for possible application, it would be helpful if their elastic
properties could be compared by computations from existing data. As part of
the present program, the feasibility of such a computation is being tested experi-
mentally with reference to the compounds in the V-Ni and V-Co binary systems.

According to Debye theory ( 7 ) , Young's modulus (E), for an iso-
tropic material with a Poisson's ratio of 1/3 is given by:

E = 2.8 x 105 2 M/3P 1/ 3  (1)

- 48 -



r

IX
[

Ii/

Aqua Regia IS00X

Fig. 18 - VNi 3 deformed approximately 7516 by rolling at
950'C and annealed for 30 minutes at 1000°C.

-49



- -' ..

I...

" [

. !

240

•.Aqua Regia (IB) 1500X

Fig. 19 -VNi3 deformed approximately 7516 by rolling at

9500C and annealed for 30 minutes at (A) I I00°Cand (B) 1200 C. s

I--5-.

'I /



1J 0

0 4' &4 0

'-O--- 04
1- 2s I -

0 ~ 0-UU

G

o 0

E u

C

0044
-0

r# G) 4-3 >

00
~~poo~~0, 

kSO-d)SSPD

-4 51



where OD = Debye temperature

M = mean atomic weight

p = density

Calculated values of Young's modulus for the pure elements are in reasonable
agreement with measured values. As far as known, the only calculations made
of Young['s modulus for intermetallic compounds has been for Fe 3 AI. It has been
shown(4 9) that equation (1) can be used to estimate the elastic modulus of this
compound.

Although measurements of 6 D are available for only a few ma-
terials, an estimate of this parameter may be obtained from the semi-empirical
Lindemann equation (15):

0 = CL T1/Zva/3 M /2 (2)

where CL = Lindemann constant

TM = absolute melting point

v = atomic volumea
M = mean atomic weight

C L should be constant for chemically similar elements having the same struc-re. For elements with a face-centered cubic or hexagonal close packed structure,

the Lindemann con %t is found to be approximately 1. 6 x 10-6 c. g. s. units( 5 0).
Recently, Kaufman has used the Lindemann equation to calculate the entropies
of 35 different NaCl-type metalloid and halide compounds varying in bonding type
from ionic (e. g., NaCl, KI) to semi-covalent (e. g., TiC, ZrN). The validity of
this application is indicated by the fact that the calculated and observed entropies
agree within a root mean square deviation of + 13%.

In the present work, approximate calculations of 0 D and E have
been carried out for the six compounds in the V-Ni and V-Co binary systems for
which lattice parameter data are available. For the compounds, the Lindemann con- -i
stant (CL) has been approximated as:

CL = YA (CL)A + YB(CL)B (3) 1
where yA and yB are the atom fractions of elements A and B, and (C)A' (CL)B F
are the Lindemann constants for the pure elements. The necessary values of CL
for the pure elements were calculated by substituting measured values(5 l) of Debye
temperatures into equation (Z). These calculated values are listed in Table IX. "
The melting point of each compound was taken as the liquidus temperature at stoi-
chiometric composition, whether or not the compound decomposed before melting.
The resulting values of Debye temperature and Young's modulus for the six com-
pounds are given in Table X.

As part of the experimental check on the validity and usefulness of
this approach, a preliminary determination has been made of the Debye temperature
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of VNi from x-ray diffraction measurements on a specimen made from filings
taken prom the as-cast compound and annealed for 40 hours at 1100 0 C followed
by rapid cooling. The experimental value of OD is 688 0 K compared with the cal-
culated value of 375 0 K (Table X). The Young's modulus computed from Equation
(1) by substituting the measured 0 D is 4.0 x 1012 dynes cm " Z (57.6 x 10 6 si).
The modulus corresponding to the calculated OD is 1.17 x 1012 dynes cm- (17.0x
106 psi) A value of Young's modulus in compression of 2.28 x 101Z dynes cm -2

(33 x 10 psi) has been measured, as discussed in the next section, for a homog-
eneous, ordered VNi3 specimen prepared from extruded rod. The corresponding
eD computed by substituting Equation (1) is 523 0 K. From these results, it appears
that (a) the experimental GD is too high and (b) the approximation used in Equa-
tion (3) leads to too small a value for the Lindemann constant and hence to too
small a OD (these deductions still presume the validity of Equations (1) and (2)).

It is possible that the high experimental GD is due to incomplete
homogenization and order in the specimen, and the parameter is being remeasured
on filings taken from extruded rod and treated identically to the compression speci-
men. The solution of the second point, item (b) above, requires an alternative ap-
proximation for the Lindemann constant for compounds. It would appear most likely
that all compounds having the same crystal structure might give the same value for
CL. Unfortunately, an examination of the thermodynamic data available for all
compounds of the same structure-types as those in the V-Ni, V-Co series, has
shown that there is insufficient data to compute the variations in CL. Accordingly,
in order to obtain an indication of the variations in CL in intermetllic compounds
in general, CL was computed for all the compounds for which data could be found.

Of the 126 different structure types listed in Pearson( 5 2 ) , only 18

contain compounds with sufficient data. The compounds and their calculated C
are listed in Table XI. Wherever more than one intermetallic compound existed in
a given structure type, the average Lindemann constant, -CL, was taken and used
to calculated a Debye temperature for each compound. The deviation of this cal-
culated GD from the measured 0 is plotted in Fig. 21. It is seen that this devi-
ation is less than 15% for some structure types (B8, BZ0, Be, C1 , and D53), so
that it is possible to calculate unknown Debye temperatures within this accuracy
for compounds of these types. However, it appears from these results that the
method will not be reliable for general use.

2. Behaviour of VNi 3 and VCo 3

Experiments with these two compounds have been directed to de-
termining the effects of temperature and time on the microstructure, hardness,
and stress-strain characteristics. The starting material in all cases was as-ex-
truded rod. Five heat treatments were examined. The first three were simple
anneals of 30 minutes duration at 800, 1000 and 1200 0 C, respectively, followed by
rapid cooling. These were designed to produce specimens having varying degrees
of long-range order. Fully ordered specimens were produced by the fourth anneal-
ing treatment of 48 hours at 1000 0 C (just below the critical ordering temperatures
Tc of both compounds) followed by furnace cooling to room temperature. The fifth
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Table XI

Values of Lindemann Constant Calculated From

Published Thermodynamic Data

Entropy C L
Structure Type Compound (S298 cal/g, at) 0D (°K) (106 c. gs units)

B-3 A1Sb 8.5 283 2. 05
CdTe 11. 1 181.5 1.865
MnS- 9.35 244.5 1.050

B-4 BeO 1.68 116.5 1.545
MnS-131  9.35 244.5 1.04

B-8 1  CoS 7.6 328 1.105
NiS - 7.25 351.5 1.305

B-13 NiS 7.25 351.5 1.67

B-20 CoSi 5.75 462 1.62
FeSi 6.00 444 1.57
MnSi 7.00 374 1.40

Be CdSb 11.0 185 2.26
SbZn 10.7 193.7 1.90

C1 CeOz 8.85 268 0. 895
-fO 2  8.00 310 1. 05

03 CuzO 10.85 188 0. 782

C 4  GeO 2  6.25 420 1.39

clz CaSi 2  11.0 185 4.70

Cm VO 2  6.15 429 1.015
Fe C 12.1 152 0.4725

DO1 1  Mn C 11.8 161 0.567

3

DOZ4  Ni 3 Ti 14.25 107.2 0.283

D Al203 - 6.25 423 0.800

D Cr 2 O3  9.70 ZZ9. 5 0.475

Fe O " 10.75 190.5 0.514
Ga 2 O3  10.85 188. 0.340
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Table XI (Cont'd)

Values of Lindemann Constant Calculated From

Published Thermodynamic Data

Entropy C L

Structure Type Compound (S 2 9 8 cal/g. at) 0 D ('K) (106 c. gs units)

D3Ca3 N2 12.7 137.0 0.425

D3 M 3 NZ 10.5 199.5 0.538

D5 8  S 3 Sb z 19.8 41.7 0. 784

HI1I Fe 3O04  17.5 62.6 0. 183
Fe 2O03  10. 75 190. 5 0. 900

LI2  AuCu 3  18.55 53.6 0.424
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I

treatment was intended to provide fully ordered specimens of different grain size.

The treatment consisted of annealing 30 minutes at 1200 0 C, furnace cooling to
1000 0 C for 48 hours, and finally, furnace cooling to room temperature.

In the case of VNi 3 , little change in microstructure, except an
increase in grain size, results from the simple annealing treatments at 800,
1000 and 1200 0 C (see Fig. 22). The fine substructure present in the as-extruded
material (Fig. 11) is not removed by these treatments. However, the other two
treatments, which both involved prolonged annealing just below Tc followed by
very slow cooling, completely removed the fine substructure- -see Figs. 23 and
24. The same result was obtained in a specimen of hot-rolled VNi 3 (75% reduc-
tion at 950 0 C) subjected to such treatment, as shown in Fig. 24. These light
microscopy observations were confirmed by electron micrrscopy examination of
surface replicas. Examples of the structural features visible at high magnifica-
tion after the short and the prolonged annealing treatments are given for the ex-
truded and the rolled materials in Figs. 25, 26 and 27. It should be noted that
twins are present after all these treatments.

The changes in the grain size and hardness of VNi3 which resulted
from the different annealing treatments are shown in Fig. 29. The grain size in-
creases only slowly with increasing annealing temperature up to Tc, but increases
considerably above Tc. However, the large grain size established by annealing
above T transforms to a finer grain size when the specimen is subsequently
orderedcby holding at 1000 0Cinstead of cooling rapidly to room temperature. The
resulting grain size is smaller than that obtained by a direct 30 minute anneal at
1000oC, but is similar to that from a direct 48 hour anneal at 1000 0 C. Direct
annealing at that same temperature for a longer time (168 hours), further reduces
the grain size. In keeping with the earlier interpretation that as-extruded VNi3
is almost completely recrystallized, the hardness is constant with increasing
annealing temperature for direct 30 minute anneals, with the exception of a small
decrease at 1000 0 C. However, both types of prolonged annealing at 1000 0 C cause
substantial softening. These results, together with the accompanying microstruc-
tural changes, indicate that the substructure observed in as-extruded VNi 3 is
responsible for its high hardness. It seems likely that the distinctive microstruc-
ture is a reflection of the formation of a partial long-range order structure or the
retention of a high degree of short range order, rather than the retention of the
disordered high-temperature phase. The structure appears in the as-extruded
material because of the high rate of cooling from the extrusion temperature, which
is well above Tc (see the retention of hardness on cooling rapidly from 12000C,
Fig. 29).

In the case of VCo 3 , for which no substructure was apparent in the
extruded material, the annealing treatments do not lead to the striking changes in
structure and hardness found for VNi 3 . As can be seen from the micrographs in
Fig. 28 and the grain-size measurements in Fig. 30, the principal structural change
apparent with increasing annealing temperature is an increase in grain size for
temperatures of 1000 0 C and higher. The increase, which is not discontinuous
across T c , is accompanied by the development of twins. The hardness changes on
annealing are correspondingly small. There is essentially no change up to 1000 0 C,
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for 30 rain. , furnace cooling to 10000C for 48 hours
followed by furnace cooling to room temperature for
(A) rolled specimen (B) extruded specimen.
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10 0 As extruded
I 100 0 1/2 hr. rapid cool.

E J00 1/2 hr. 12000C,48 hrs.at
E 8 1000C furnace cool.

& 48hrs. furnace cool.
6 CR 168 hrs. furnace cool.60

o (a)6 40- 0
= @ 0-

. '  20- Tc
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Annealing Temperature OC

Fig. 29-Effect of indicated annealing treatments on (a)grain size
--- b)yield stress (c) hardness of as extruded VNi 3 .

- 67 -



0' I00- (1 As Extruded.
7"o 1/2 hr. rapid cool.
E 1/2hr. 1200*C 48hr.ot

1000*C furnace cool.
" 48hrs. furnace cool.

60 LEI 168 hrs. furnace cool.

.0 40 (0
o ~(a) "tc

E 20-
0

0Indentation method.
0open symbols
0 Compression test.

closed symbols

-. (b)
'0
Ci

cTc

g (c)

13-I

TC
200 400 600 800 1000 1200 1400

Annealing Temperature OC

Fig.30-Effect of indicated annealing treatments on (a) grain size
(blyield stress (c) hardness of as extruded VCo 3 .
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but the larger grain size developed at 1000'C is accompanied by slight soften-
ing. Even prolonged annealing at 1000 0 C produces little further softening. It
is interesting to note that the considerable softening which occurs on fully order-
ing VNi 3 reduces its hardness to a value close to that for fully ordered VCo
These various results suggest that in VCo 3 , ordering takes place more rapidly
than in VNi 3 , and is not suppressed at the cooling rates used after extrusion
or in the annealing experiments.

The stress-strain behavior of VNi 3 and VCo 3 for several of the
annealed conditions was examined by indentation (i. e. compression) stress-strain
measurements on metallographic specimens, compression testing on 0.4 in. di-
ameter cylinders and tensile testing on 0.05 in. diameter wires. The yield stress
values obtained for the different conditions of VNi 3 and VCo 3 by the two compres-
sion methods are compared in Figs. Z9 and 30, respectively. It is seen that there
is good qualitative agreement for both compounds between the values from the
two methods. However, the quantitative agreement is not good and it appears that
different values of the constants in the indentation stress -strain equation would be
appropriate. Despite these differences,the trend of the yield stress values with
annealing temperature closely resembles that of the hardness. The substantial
loss of strength accompanying the removal of the substructure in VNi should be
noted - - the yield strength falls from about 200, 000 psi to only some 50, 000 psi.
Such a large change is unusual for order strengthening, but the observation ap-
pears to provide some substantiation for the current view that a type of order-
hardening could be responsible for the yield-strength increases of similar mag-
nitude or greater in the Fe-Ni base "maraging" alloys. For VCo 3 , where no
substructure was observed, the analogous change in yield stress was much smaler
-- falling from only 72, 000 psi to about 38, 000 psi.

The stress-strain characteristics obtained from the compression
tests are summarized in Table XII - which gives the Young's modulus, elastic
limit, yield stress and strain-hardening exponent. It is seen that all these param-
eters except the latter, are smallest for the specimens which are disordered at
1Z00 0 C before ordering at 1000 0 C. This is in keeping with present ideas on the
factors governing the initial flow stress and work-hardening rate of ordered struc-
tures. The various characteristics are illustrated for VNi 3 in Fig. 31, by stress-
strain curves for three degrees of order.

In addition to the above observations, there is some evidence from
compression stress-strain data that strain-aging may take place in these compounds.
However, several series of specimens are currently in testing and a discussion of
this point together with a fuller comparison of the stress-strain behavior for vari-
ous degrees of order and grain size will be made in a subsequent report.

Because of mechanical problems in gripping and aligning the small
diameter wires which it has been necessary to use for tensile tests, the data from
such tests is at present more limited than for the compression tests. Also, be-
cause of these difficulties - which lead to errors in strain measurement and to
premature failure -- the accuracy of the data obtained up to the present time is less.
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300

1200*C,3Omin. rapid cool

1000*C 48 hrs. furnace cool
200-
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0
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Fig3t -Compression stress-strain curves for VNi 3 subjected to indicated
-annealing treatments.
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I
As shown by the results presented inTable XIII, fracture takes place within 1 1
to 3% plastic elongation (as much as 18% strain was achieved in compression
without failure) and the apparent yield stresses are always lower than those
observed in the compression tests. It is considered that these low values are
incorrect and that they will be found to approach the compression values asthe method of testing is improved.

A characteristic feature of the mechanical behavior of inter-
metallic compounds is the relatively brittle nature of their tensile fracture.
VNi and VCo3 appear to be no exception to this. Accordingly, as part of the
study of their mechanical behavior, the fracture surfaces of tensile specimens
are being examined by several fractographic techniques in an attempt to eluci-
date their mode of failure. Two annealed conditions of both compounds have been
examined by light microscopy - (a) "disordered" - 1Z00 0 C for 30 min., rapidly
cooled to room temperature and (b) "ordered" - 1Z00 0 C for 30 min., furnace
cooled to 10000C for 120 hours and furnace cooled to room temperature. In the
"disordered" condition, the VNi3 fracture surface appears granular or "sandy"
(Figure 32A), whereas the VCo3 fracture is much coarser and large facets with
twins and ripple markings are clearly visible (Fig. 33A). In the "ordered" con-
dition, the VNi 3 fracture surface is brightly faceted but rough, making photo-
graphy difficult. Twins and straight slip markings are visible on the facets (Fig.
32B). Grain boundaries have also been observed. In contrast, the "ordered"
VCo 3 fracture is less rough and exhibits a heavily distorted surface with few
facets. However, even with the distortion, some twins can be distinguished (Fig.
33B). Although the coarser features discussed above are readily apparent, higher
magnification is necessary to resolve the details of the fracture facets. A suit-
able technique is being applied to prepare carbon replicas of the surfaces for study
by electron microscopy.
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Table XIII

Tensile Test Results for VNi and Vo

Yield Total
Compound Treatment Stress 0.5% 3 Elongation

offset (psi x 10 ) (%)

VNi 3  1200 0C-I/Z hour R.Q. 35.5 1.0

1200 C-1/2 hour F.C. 35.4 15
1000°C-Z days F. C.

1Z00 0C-I/2 hour F.C. 31.5 1.7
1000OC-5 days F. C.

VCo3  1200 0 C-I/Z hour R.Q. 34.9 3.1

1200°C-1/2 hour F.C. 30.8 3.2
1000 0 C-Z days F.C.

IZ00C-I/Z hour F. C. 334 2.5
1000 0 C-5 days F.C.

R. Q. = Rapid Quench
F.C. = Furnace Cool

- 73-



As Fractured (A) 80OX

As Fractured (B) 80OX

Fig. 3Z - Tensile fracture surfaces of VNi 3 specimens pre-
pared by annealing at (A) 1200 0 C for 30 minutes and -

rapidly cooled (B) 1Z000C for 30 minutes, furnace
cooled to IOOOC for 120 hours and furnace cooled "
to room temperature.
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As Fractured (A) 800X

As Fractured (B) 800X

Fig. 33 - Tensile fracture surfaces of VCo specimens pre-
pared by annealing at (A) 1200 0 C lor 30 minutes and
rapidly cooled (B) 1200 0 C for 30 minutes, furnace
cooled to 1000°C for 120 hours and furnace cooled
to room temperature.
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V. SUMMARY AND CONCLUSIONS

During the first year (Phase I) of this continuing program, the principal
objectives have been to (a) review the literature on the mechanical behavior
of intermetallic compounds (b) develop suitable melting, casting and fabrication
techniques for VNi 3 and VCo 3 and the study of the mechanical properties of
these two compounds, (c) study the feasibility of the preparation and fabrication
of VNi?, VZNi, V Ni, VCo and V Co and (d) examine the validity of a possible
method of predicting Young's mogulus for intermetallic compounds. The work
undertaken and the conclusions reached may be summarized as follows:

(1) An extensive review of the relevant literature was completed. Based
largely on this, an invited lecture was presented by one of the authors of this
report at the AIME Seminar on the Properties of Intermetallic Compounds held
at the 1962 Fall Meeting in New York.

(Z) Small ingots (1 5/8 in. diameter by 3/8 in. thick) of all the selected
compounds were prepared by non-consumable arc-melting under a partial
pressure of argon. The ingots all exhibited cored microstructures despite the
chill casting technique used. In addition to arc-melting, attempts were made to
prepare VNi3 by electron beam zone melting. The technique proved unsatisfactory.

(3) Some preliminary experiments were made of electron-beam zone refining
of arc-melted VNi 3 . The results indicated that this techniqUe may prove satis-
factory for the preparation of single crystals of the compound.

(4) The response of the as-cast ingots to hot-rolling (15 to 801o reduction
in thickness) were examined, (a) as a method of fabrication, (b) to provide
specimens suitable for the study of annealing and recrystallization characteristics
and (c) to indicate the range of possible extrusion temperatures. The ingots
were protected from oxidation during rolling by sheathing with stainless steel.
The VNi and VCo ingots were not included in these rolling experiments since
they proved to be so brittle as to shatter during cutting for metallographic
examination. The results showed that rolling at temperatures in the region of
1200 0 C was successful, except for edge cracking, for VNi 3 , VNi z and VCo 3.
Rolling of V 3 Ni and V 3 Co was restricted to temperatures of 800 and 1050 0 C
respectively, because of their likely decomposition at higher temperatures. Both
fractured badly, but as it is possible that the V 3 Ni compound may remain stable
to as high as 1200 0 C, it may deform more readily at higher temperatures. In the
case of V 3 Co, it is doubtful whether a higher temperature can be used. These
results indicated that extrusion at high temperatures should definitely be feasible
for VCo 3 , VNi 3 and VNi Z and possibly for V 3 Ni and V 3 Co. The likely response
of V 2Ni and VCo is uncertain.

(5) Extrusion billets of VNi 3 and VCo 3 (Z in. diameter by 3 to 4 in. long)
were prepared by remelting batches of the smaller ingots in a non-consumable
arc-furnace. As predicted from the results of the rolling experiments, the
billets of VNi 3 and VCo3 were extruded successfully to approximatdy 1/2 in.
diameter rod at temperatures in the region of 12001C. Extrusion ratios of both
10:1 and 16:1 were used for VCo3, whereas only 10:1 was possible for VNi 3 .
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As for the rolling, the compounds were protected from oxidation during
extrusion by sealing in stainless steel jackets. The microstructures of the
as-extruded compounds consist almost entirely of recrystallized, regular grains.
VNi 3 exhibits twins and a fine structure within the recrystallized grains; VCo 3
shows neither of these structural features.

(6) Secondary fabrication of extruded VNi3 and VCo3 to provide material for
tensile testing was attempted by hot-rolling, hot-swaging and further extrusion.
Rolling was successful, but wasteful of material due to edge-cracking. Swaging
was unsuccessful under the conditions tried. Extrusion was completely satis-
factory and provided wire lengths 0. 090 in. diameter suitable for the preparation

* of tensile specimens.

(7) Homogenization and annealing studies of the as-cast and rolled compounds
- • showed that simple annealing treatments are sufficient to homogenize VNi 3 ,

VNi?, V 2 Ni and VCo 3 . V 3 Ni, VCo and V 3 Co did not homogenize under the same
conditions and will require much more prolonged annealing.

(8) The method of computing Young's modulus, E, which involved an
estimate of the Debye temperature 0 D, has been applied to the six V-Ni and
V-Co compounds for which the necessary data is available. For VNi 3 , E and
0 D were measured experimentally and found to differ considerably from the
calculated values. It is possible that the experimental ( D is too high because
of incomplete order in the x-ray powder specimen used. The low calculated OD
arises from the value of the constant, C L, assumed for the calculation by the
Lindemann approximation. Computation of CL for intermetallic compounds in

° " all systems for which suitable data is available shows that for certain structures
CL can be estimated to within 15%. However, there are many structure types for
which the accuracy is much lower.

(9) The effect of annealing temperature and time on the microstructure,
hardness and stress-strain characteristics of extruded VNi 3 and VCo 3 were
examined. The annealing conditions were designed to introduce different degrees
of long range order and grain size. In VNi 3 a fine substructure exists in the as-
extruded condition and this persists after all treatments except those leading to
complete order. The removal of the substructure is accompanied by marked loss
of hardness and the yield strength falls from about 200, 000 psi to only 50, 000 psi.
Only minor changes in grain size result from annealing, except for specimens
heated to temperatures above Tc and rapidly cooled. In VCo 3 , no initial sub-
structure is visible and the yield strength decrease accompanying complete
ordering is smaller - falling from about 72,000 psi to 38,000 psi. Again, changes
in grain size are small, except for annealing above Tc.

(10) Yield strength changes resulting from the above treatments on VNi3 and
VCo 3 were measured by indentation (compression) stress-strain testing, com-
pression testing and tensile testing. The results from the two types of compression
testing are in fair agreement, but it appears that the values of the constants in the
indentation stress-strain equation must be changed-for these compounds. The
compression tests have provided reliable, reproducible measurements of Young's
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modulus,elastic limit, yield stress and strain-hardening exponent. All the
parameters except the latter are smallest in fully ordered specimens, which
is in keeping with current ideas on the mechanical behavior of ordered
structures. Difficulties in tensile testing from specimen slipping and pre-
mature fracture have been experienced, and only limited tensile data has been
obtained up to the present.

(11) Fractographic examination of the surfaces of VNi 3 and VCo 3 specimens
broken in tension have shown differences in fracture mode for the two compounds
in various conditions of order.
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